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We report the single-crystal X-ray analysis and magnetic properties of a new double-layered
perovskite antiferromagnet, Cs3Cu2Cl4Br3. This structure is composed of Cu2Cl4Br3 double
layers with elongated CuCl4Br2 octahedra and is closely related to the Sr3Ti2O7 structure. An
as-grown crystal has a singlet ground state with a large excitation gap of ∆/kB ≃ 2000 K, due
to the strong antiferromagnetic interaction between the two layers. Cs3Cu2Cl4Br3 undergoes a
structural phase transition at Ts ≃ 330 K accompanied by changes in the orbital configurations
of Cu2+ ions. Once a Cs3Cu2Cl4Br3 crystal is heated above Ts, its magnetic susceptibility obeys
the Curie-Weiss law with decreasing temperature even below Ts and does not exhibit anomalies
at Ts. This implies that in the heated crystal, the orbital state of the high-temperature phase
remains unchanged below Ts, and thus, this orbital state is the metastable state. The structural
phase transition at Ts is characterized as an order-disorder transition of Cu
2+ orbitals.
KEYWORDS: Cs3Cu2Cl4Br3, double-layered perovskite, Sr3Ti2O7 structure, Jahn-Teller effect, singlet
ground state, structural phase transition, orbital order and disorder
1. Introduction
The nature of the exchange interaction between mag-
netic ions is strongly correlated to their orbital configu-
rations.1 This is particularly significant when the mag-
netic ions are Jahn-Teller active such as Cu2+, Cr2+
and Mn3+. For example, in KCuF3 with a perovskite
structure, orbital ordering leads to a one-dimensional an-
tiferromagnetic chain.2 In this paper, the orbital con-
figurations of Cu2+ ions and the resulting magnetic
ground states in Cs3Cu2Cl4Br3 are discussed. As shown
later, this copper compound crystallizes in the double-
layered perovskite structure, which is closely related to
the Sr3Ti2O7 structure.
3
Cs3Cu2Cl4Br3 was accidentally synthesized in the
process of preparing a mixed crystal of CsCuCl3 and
CsCuBr3. Cs3Cu2Cl4Br3 is a new compound that has not
been reported to date. In this work, we carried out the
X-ray crystal structural analysis and magnetic measure-
ment of Cs3Cu2Cl4Br3. We found that Cs3Cu2Cl4Br3
has a double-layered structure of the Sr3Ti2O7 type and
that the magnetic ground state of an as-grown crystal is a
spin singlet with a large excitation gap of ∆/kB ≃ 2000
K, due to the strong dimerization between two layers.
The double-layered structure related to the Sr3Ti2O7
structure has often been observed in cupric oxides, many
of which exhibit high-Tc superconductivity.
4–6 In cupric
halides, only K3Cu2F7 is known to have the double-
layered structure of the Sr3Ti2O7 type.
7 Cs3Cu2Cl4Br3
shows another example of the Sr3Ti2O7 structure in
halide.
2. Experimental Details
Single crystals of Cs3Cu2Cl4Br3 were grown by slow
evaporation from an equimolar aqueous solution of CsCl,
CsBr, CuCl2·2H2O and CuBr2 at 40
◦C. Thick square
∗E-mail: yamada@lee.phys.titech.ac.jp.
Table I. Cs3Cu2Cl4Br3 crystal data.
Chemical formula Cs3Cu2Cl4Br3
Space group I4/mmm
a (A˚) 5.2956(4)
c (A˚) 26.584(2)
V (A˚
3
) 745.5(1)
Z 2
No. of observed reflections 408 (I>3σ(I))
R;wR 0.075; 0.095
plate crystals with small mosaic spread were obtained.
The typical dimensions of the single crystals are 1×1×0.5
cm3.
The structural analysis of an as-grown crystal was per-
formed at room temperature using a three-circle diffrac-
tometer equipped with a CCD area detector (Bruker
SMART APEX). Monochromatic Mo-Kα radiation was
used as an X-ray source. Data integration and global-cell
refinements were performed using data in the range of
2θ < 80◦, and absorption correction was also performed.
Structural parameters were refined by the full-matrix
least-squares method using the TEXSAN program.8 The
crystal data are listed in Table I. The chemical formula
was determined to be Cs3Cu2Cl4Br3 from the results of
the structural analysis. Very weak reflections implying
that the lattice symmetry should be primitive tetragonal
were observed, resulting in a large R-factor (= 0.075).
Here, the space group of I4/mmm for the average struc-
ture without weak satellite reflections was used for the
structural analysis.
As shown in the next section, Cs3Cu2Cl4Br3 under-
goes a structural phase transition at Ts ≃ 330 K, and
the magnetic properties of the crystal once heated above
Ts are different from those of the as-grown crystal. There-
fore, to investigate the change in lattice symmetry, the
X-ray powder diffraction patterns of the as-grown and
1
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Table II. Fractional atomic coordinates, equivalent isotropic dis-
placement parameters (A˚
2
) and site occupancies.
Atom x y z Ueq Occ.
Cs(1) 0 0 0.5 0.0240(3) 1
Cs(2) 0 0 0.3224(7) 0.0285(2) 1
Cu 0 0 0.0943(4) 0.0208(4) 1
Br(1) 0 0 0 0.0285(5) 1
Br(2) 0 0 0.1873(4) 0.0366(4) 1
Cl 0 0.577(1) 0.0916(2) 0.021(1) 0.5
Table III. Bond distances (A˚).
Cu − Br(1) 2.507(3)
Cu − Br(2) 2.471(5)
Cu − Cl 2.240(6)
Cu − Cl′ 3.058(6)
heated crystals were obtained at room temperature with
Cu-Kα radiation.
Magnetic susceptibilities were measured using a
SQUID magnetometer (Quantum Design MPMS XL).
Specific heats were measured using a physical property
measurement system (Quantum Design PPMS) by the
relaxation method. ESR spectra were measured at room
temperature using an X (∼ 9 GHz) band frequency.
3. Results and Discussion
3.1 Crystal Structure
The structure of an as-grown Cs3Cu2Cl4Br3 crystal
is body-centered tetragonal, I4/mmm, with cell dimen-
sions of a = 5.2956(4) A˚ and c = 26.584(2) A˚, and Z = 2.
Positional parameters are listed in Table II. The crystal
structure of Cs3Cu2Cl4Br3 is shown in Fig. 1. Disorder
was observed for the positions of Cl− ions, which occupy
the position 16(n) with an occupancy of 0.5 on average.
In Fig. 1(a), we illustrate the average positions of Cl−
ions given by y = 0.5 for Cl.
The crystal structure of Cs3Cu2Cl4Br3 is closely re-
lated to the Sr3Ti2O7 structure.
3 In the CuCl4Br2 oc-
tahedron, four Cl− ions and two Br− ions share corners
along the a (b)-axis and the c-axis. CuCl4Br2 octahedra
form double layers parallel to the c-plane, sharing their
corners. All the double layers are equivalent and neigh-
boring double layers are shifted by (a+b)/2. Figure 1(b)
illustrates a double layer composed of CuCl4Br2 octahe-
dra, in which two Cl sites with an occupancy of 0.5 are
shown. Interatomic distances are shown in Table III. Be-
cause of the Jahn-Teller effect and the unharmonic po-
tential of the distortion modes and/or higher-order Jahn-
Teller coupling,9–12 the octahedra are elongated along
either of the two principal axes parallel to the c-plane.
The octahedra are elongated antiferrodistortively in the
c-plane, as observed in K2CuF4.
13
Figure 2 illustrates the possible configurations of the
hole orbitals d(x2 − y2) of neighboring Cu2+ ions along
the c-axis and the a- or b-axis in a double layer. The
hole orbitals d(x2 − y2) are accompanied by the tetrago-
nal elongation of CuCl4Br2 octahedra and arranged per-
pendicular to the elongated axes. The orbital configu-
rations shown in (a)−(g) and (h)−(j) produce antifer-
c
ba
(a)
(b)
c
ba
Cs+
Br Cl Cu 2+--
Fig. 1. Crystal structure of Cs3Cu2Cl4Br3. (a) Average structure
given by y = 0.5 for Cl, where hatched octahedra and open
circles denote CuCl4Br2 octahedra and Cs+ ions, respectively.
(b) Double layer composed of CuCl4Br2 octahedra, in which two
Cl sites with an occupancy of 0.5 are shown. Large and medium
gray circles and small black circles denote Br−, Cl− and Cu2+
ions, respectively. Cs+ ions are omitted in (b).
romagnetic and ferromagnetic exchange interactions, re-
spectively, through the p orbitals of Br− and Cl− ions.
Those shown in (a)−(e) lead to strong antiferromagnetic
exchange interactions via straight exchange pathways. In
the as-grown crystal, the configuration of the hole or-
bitals of neighboring Cu2+ ions along the c-axis in a
double layer should be either of those shown in Figs.
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2(a) and 2(b). Both orbital configurations can produce
strong antiferromagnetic exchange interactions,1 as con-
firmed by the magnetic measurements shown below. The
orbital configuration of neighboring Cu2+ ions along the
a- or b-axis in a double layer should be that shown in
Fig. 2(i), because the elongation of the octahedra occurs
antiferrodistortively in the double layer. The exchange
interaction corresponding to this orbital configuration is
weak and ferromagnetic,1 as observed in K2CuF4.
14
(a) (b) (c)
(d) (e)
(f) (g) (h)
(i) (j)
Br Cl- -
c
a b
ba
c
ba
c
c
a b
Fig. 2. Possible configurations of hole orbitals d(x2−y2) of neigh-
boring Cu2+ ions along the c-axis and the a- or b-axis in a double
layer. The elongation of CuCl4Br2 octahedra is assumed to occur
owing to the Jahn-Teller effect and the unharmonic potential of
the distortion modes and/or higher-order Jahn-Teller coupling.
The hole orbitals d(x2 − y2) are arranged perpendicular to the
elongated axes. The orbital configurations shown in (a)−(g) and
(h)−(j) produce antiferromagnetic and ferromagnetic exchange
interactions, respectively, through the p orbitals of Br− and Cl−
ions. Those shown in (a)−(e) lead to strong antiferromagnetic
exchange interactions via straight exchange pathways.
3.2 Magnetic Properties
Figure 3 shows the temperature dependence of the
magnetic susceptibility χ in Cs3Cu2Cl4Br3 measured for
magnetic fields H parallel and perpendicular to the c-
axis. We used different samples for H ‖ c and H ⊥ c.
The measurement process is as follows: first, an as-grown
crystal is cooled to 1.8 K. The susceptibility is measured
upon heating to 390 K and then upon cooling to 1.8
K. The susceptibility of the as-grown crystal is negative
below room temperature. With increasing temperature,
the susceptibility displays a sudden increase at Ts ≃ 330
K, above which the susceptibility obeys the Curie-Weiss
law. This anomaly is ascribed to a structural phase tran-
sition. Once a Cs3Cu2Cl4Br3 crystal is heated above Ts,
its magnetic susceptibility does not show anomalies at Ts
with decreasing temperature. The susceptibility remains
obeying the Curie-Weiss law with the Curie constant of
C = 0.44 emu·K/mol and the Weiss constant of Θ = 23
K for H ⊥ c and C = 0.47 emu·K/mol and Θ = 1.3
K for H ‖ c down to 30 K. From the Curie constant,
the number of Cu2+ ions relevant to the susceptibility is
estimated to be 50 % for H ⊥ c and 55 % for H ‖ c.
The number of relevant ions and the Weiss constant Θ
are somewhat dependent on the sample. The structural
phase transition at Ts is irreversible. However, the dia-
magnetic state is easily restored by the application of a
hydrostatic pressure of ∼10 bar at room temperature.
Thus, the paramagnetic state realized below Ts ≃ 330 K
after heating is the metastable state.
Figure 4 shows the enlargement of the negative region
of the susceptibility observed for T < Ts. The negative
susceptibility is ascribed to the diamagnetism from core
electrons. This result indicates that the magnetic ground
state of the as-grown crystal is a spin singlet with an
extremely large excitation gap. As mentioned in the pre-
vious subsection, the orbital configuration of neighbor-
ing Cu2+ ions between layers is either of those shown in
Figs. 2(a) and (b), both of which can produce strong an-
tiferromagnetic exchange interactions. Thus, the singlet
ground state of the as-grown crystal is attributed to the
dimerization of spins between layers.
Next, we evaluate the interlayer exchange interaction J
of the as-grown Cs3Cu2Cl4Br3 crystal using the following
model:
χ =
2g2µ2BN
kBT
·
1
3 + exp (2J/kBT )
+
C′
T −Θ
+ χ0 , (1)
where the first term is the susceptibility of noninteract-
ing N dimers, the second term is the Curie-Weiss term
due to impurities or lattice defects and the last term is
the temperature-independent susceptibility including the
Van Vleck paramagnetism and the diamagnetism from
core electrons. Here, the exchange interaction J is de-
fined as 2J(S1 · S2). Since no ESR signal is observed
for the as-grown crystal, we use g = 2.05 for H ‖ c and
g = 2.15 for H ⊥ c, which are estimated from gz ≃ 2.25
and gx ≃ 2.05 obtained for H parallel and perpendicular
to the elongated axes of the CuCl6 octahedron, respec-
tively, in TlCuCl3 and KCuCl3.
15, 16 The solid line in Fig.
4 denotes the fit obtained using eq. (1) with J/kB = 995
K, C′ = 3.04 × 10−3 emu·K/mol, Θ = −13.6 K, and
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Fig. 3. Temperature dependence of magnetic susceptibility of
Cs3Cu2Cl4Br3. The plot for magnetic field H ⊥ c is shifted
vertically by 2 × 10−3emu Cu2+mol. Arrows denote the direc-
tions of temperature change. The inset shows the enlargement of
susceptibility near the magnetic phase transition temperature of
the heated crystal.
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Fig. 4. Enlargement of temperature dependence of susceptibility
of the as-grown Cs3Cu2Cl4Br3 crystal for H ‖ c. Arrow denotes
the direction of temperature change. The solid line denotes the
fit obtained using eq. (1) with parameters shown in the text.
χ0 = −2.89 × 10
−4 emu/mol for H ‖ c. For H ⊥ c, we
obtain J/kB = 984 K, C
′ = 4.36 × 10−3 emu·K/mol,
Θ = −35.0 K, and χ0 = −5.04 × 10
−4 emu/mol. We
observe that the orbital configuration shown in Fig. 2(a)
or 2(b) produces an extremely strong antiferromagnetic
exchange interaction of J/kB ≃ 1000 K when medi-
ated by Br− ions. The excitation gap is estimated to
be ∆/kB = 2J/kB ≃ 2000 K. This large gap results in
the diamagnetic state at room temperature for as-grown
samples. @
To investigate the structural difference between the as-
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Fig. 5. X-ray powder diffraction patterns of (a) as-grown and (b)
heated Cs3Cu2Cl4Br3 crystals.
grown and heated crystals, we measure the X-ray pow-
der diffraction patterns. The results are shown in Fig.
5. For the as-grown crystal, only reflections indexed by
h + k + l = even number are observed, which is con-
sistent with the space group I4/mmm. For the heated
crystal, the lattice symmetry remains tetragonal. How-
ever, reflections indexed by h+ k + l = odd number are
observed, in addition to those for h+ k+ l = even num-
ber. This implies the lack of a body center. At present,
the space group of the heated crystal is unclear. @
As shown in the inset in Fig. 3, the susceptibility of
the heated crystal exhibits a bend anomaly at TN = 14.0
K, indicating magnetic ordering. Such magnetic order-
ing is also observed by specific heat measurement, as
shown in Fig. 6. The specific heat displays a small peak
at TN = 14.0 K, which is consistent with TN determined
from the susceptibility measurement. Since the exchange
interaction in the as-grown crystal is J/kB ≃ 1000 K, the
magnetic specific heat should be small below room tem-
perature. Then, we try to estimate the magnetic entropy
Sm of the heated crystal, assuming the total specific heat
of the as-grown crystal to be the lattice contribution of
the heated crystal. However, we cannot successfully esti-
mate Sm. This is due to the lattice contributions of the
as-grown and heated crystals having different tempera-
ture dependences at low temperatures.
The results of susceptibility and specific heat measure-
ments for the heated crystal indicate that the orbital
configurations of the heated crystal differ from those of
J. Phys. Soc. Jpn. Full Paper Author Name 5
the as-grown crystal, in which hole orbitals lie only in
the ac- and bc-planes, and their configurations along the
c-axis and the a- or b-axis in a double layer are limited to
those shown in Figs. 2(a), 2(b) and 2(i). For the heated
crystal, an ESR signal with a linewidth of 1.2 ∼ 1.3
kOe is observed. The g-factors obtained for H ‖ c and
H ⊥ c are g‖ = 2.115(5) and g⊥ = 2.095(5), respectively.
Their average gav = (g‖ + 2g⊥)/3 ≃ 2.10 is almost the
same as gav ≃ 2.12 in TlCuCl3 and KCuCl3; however,
it is smaller than gav ≃ 2.22 in A2CuF4.
17 Neverthe-
less, the difference between g‖ and g⊥ is small in the
heated Cs3Cu2Cl4Br3 crystal. If the octahedra are elon-
gated only along the a- and b-axes, as observed in the
as-grown crystal, the g-factors should be g‖ ≃ 2.05 and
g⊥ ≃ 2.15. Therefore, we can deduce that in the heated
Cs3Cu2Cl4Br3 crystal, octahedra are elongated not only
along the a- and b-axes, but also along the c-axis with
almost the same probability. This implies that orbitals
are in disorder.
As shown above, the paramagnetic susceptibility of the
heated Cs3Cu2Cl4Br3 crystal obeys the Curie-Weiss law.
From the Curie constant, the number of spins relevant to
the susceptibility is estimated to be ≃ 50%. In the heated
crystal, all the orbital configurations shown in Fig. 2
should be possible for neighboring Cu2+ ions along the c-
axis and the a- or b-axis in a double layer. The exchange
interactions corresponding to the configurations in Figs.
2(a)−2(e) are antiferromagnetic and strong,1 and their
magnitudes are expected to be J/kB ∼ 1000 K. Hence,
clusters composed of even number of spins that are cou-
pled by such strong interactions cannot contribute to the
paramagnetic susceptibility of the heated crystal. On the
other hand, the exchange interactions for the configura-
tions in Figs. 2(f)−2(j) are expected to be of the order
of 10 K. Thus, clusters composed of spins coupled by
such weak interactions can contribute to the paramag-
netic susceptibility. From the results of the g-factors and
magnetic susceptibility, we infer that the orbitals of Cu2+
ions are in disorder once the crystal is heated above the
structural phase transition temperature Ts ≃ 330 K and
that the phase transition is an order-disoder transition
of d(x2 − y2) orbitals.
4. Conclusions
We determined the crystal structure of an as-grown
Cs3Cu2Cl4Br3 crystal and investigated its magnetic
properties. This compound has a double-layered per-
ovskite structure of the Sr3Ti2O7 type. In this as-grown
crystal, octahedra are elongated along either of the two
principal axes parallel to the a- and b-axes owing to the
Jahn-Teller effect and the unharmonic potential of the
distortion modes and/or higher-order Jahn-Teller cou-
pling. A strong antiferromagnetic exchange interaction
of J/kB ≃ 1000 K is produced between neighboring spins
along the c-axis in the double layer through the orbital
configuration shown in Figs. 2(a) or 2(b). This leads to
a strong spin dimerization, resulting in the diamagnetic
state at room temperature. With increasing tempera-
ture, Cs3Cu2Cl4Br3 undergoes a structural phase tran-
sition at Ts ≃ 330 K. Once the crystal is heated above
Ts, its magnetic susceptibility obeys the Curie-Weiss law
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Fig. 6. Temperature dependence of total specific heat in
Cs3Cu2Cl4Br3 after heating above Ts ≃ 330 K. A magnetic
phase transition is observed at TN = 14.0 K.
with a small Weiss constant. Magnetic ordering occurs at
TN = 14.0 K. In the heated crystal, octahedra are elon-
gated not only along the a- and b-axes, but also along the
c-axis with almost the same probability. This implies that
orbitals are in disorder above Ts and that the structural
phase transition at Ts is an order-disorder transition of
d(x2 − y2) orbitals.
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